Abstract Virus-like particles are powerful platforms for the development of functional hybrid materials. Here, we have grown a cross-linked polymer (cross-linked aminoethyl methacrylate) within the confines of the bacteriophage P22 capsid (P22-xAEMA) and functionalized the polymer with various loadings of paramagnetic manganese(III) protoporphyrin IX (MnPP) complexes for evaluation as a macromolecular magnetic resonance imaging contrast agent. The resulting construct (P22-xAEMAMnPP) has r 1,particle = 7,098 mM -1 s -1 at 298 K and 2.1 T (90 MHz) for a loading of 3,646 MnPP molecules per capsid. The Solomon-Bloembergen-Morgan theory for paramagnetic relaxivity predicts conjugating MnPP to P22, a supramolecular structure, would result in an enhancement in ionic relaxivity; however, all loadings experienced low ionic relaxivities, r 1,ionic , ranging from 1.45 to 3.66 mM -1 s -1 , similar to the ionic relaxivity of free MnPP. We hypothesize that intermolecular interactions between neighboring MnPP molecules block access of water to the metal site, resulting in low r 1,ionic relaxivities. We investigated the effect of MnPP interactions on relaxivity further by either blocking or exposing water binding sites on MnPP. On the basis of these results, future design strategies for enhanced r 1,ionic relaxivity are suggested. The measured r 2,ionic relaxivities demonstrated an inverse relationship between loading and relaxivity. This results in a loading-dependent r 2 /r 1 behavior of these materials indicating synthetic control over the relaxivity properties, making them interesting alternatives to current magnetic resonance imaging contrast agents.
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Introduction
Paramagnetic metal ions, such as gadolinium, manganese, and iron, have been extensively studied as magnetic resonance imaging (MRI) contrast agents owing to their ability to efficiently relax water protons. Gadolinium-based small molecules are predominantly used in medical imaging protocols as T 1 -enhanced MRI contrast agents [1, 2] , but free gadolinium(III) ions are highly toxic and can cause nephrogenic systemic fibrosis in patients with renal failure [3, 4] . Thus, there are considerable efforts to develop effective alternative contrast agents, and manganese is a promising candidate [5] , with limited toxicity at low concentrations. High metal-ligand complex stability is an important factor in contrast agent development to avoid metal-ion exchange or release and can be provided by macrocycles such as porphyrins [6] . Over the years, a variety of porphyrins chelated with manganese(III) ions have been investigated for their potential use as MRI contrast agents [7] [8] [9] [10] [11] . Recently, Winter et al. successfully engineered a heme protein, heme nitric oxide/ oxygen-binding protein, to replace its native heme with manganese(III) protoporphyrin IX (MnPP) complexes [11] . The engineered heme nitric oxide/oxygen-binding protein exhibited enhanced relaxivity (r 1,ionic = 12.0 mM -1 s -1 ) at 60 MHz compared with the protein containing the native heme (r 1,ionic = 5.9 mM -1 s -1 ) and commercially available manganese-and gadolinium-based contrast agents (r 1,ionic = 3.0 mM -1 s -1 for both). Although engineering of a heme protein as a scaffold of MnPP is an elegant approach, the number of MnPP molecules per protein is limited to the number of heme binding sites, i.e., one per protein in their work. To progress toward clinical application, we aim to establish a well-designed molecular system that has the capability to encapsulate such agents with much higher loading density, protect them from the external environment, and deliver them to a targeted tissue.
One approach has been to use covalent attachment of small-molecule contrast agents to macromolecular platforms [12, 13] . Various groups have explored dendrimers [14] , liposomes [15, 16] , protein cages [17, 18] , and gold nanoparticles [19] as potential platforms for conjugation of small-molecule contrast agents. Virus-like particles (VLPs) derived from virus particles but devoid of their nucleic acid have an advantage over other systems because of their large macromolecular size and control over assembly, which allows high loading density of desired cargo molecules. We, and others, have explored these systems, such as Cowpea chlorotic mottle virus [20] , Tobacco mosaic virus [21] , Cowpea mosaic virus [22] , bacteriophages Qb [23] , MS2 [24, 25] , and P22 [26] [27] [28] as macromolecular platforms for contrast-agent development. Although this research has resulted in the successful development of VLP-based MRI contrast agents, most of them utilized only the capsid surface to anchor imaging probes, not taking full advantage of the large interior cavity of the capsids.
Recently, we have successfully exploited the interior cavity of the P22 viral capsid and developed gadoliniumbased MRI contrast agents with significantly high ionic (per Gd ion) and particle (per P22 capsid) relaxivities. In those studies, organic polymers were synthesized in the confined environment of the interior cavity of P22 VLPs either by a series of azide-alkyne ''click'' reactions [27] or by atom-transfer radical polymerization [28] , and were used as a scaffold to conjugate imaging molecules via a reactive functional group on the polymer. This resulted in a significant increase in loading capacity of the cargo by taking full advantage of the capsid volume. Here, we explore the use of MnPP complexed with P22 VLP-crosslinked aminoethyl methacrylate (xAMEA) polymer hybrids (P22-xAMEA) as potential MRI contrast agents. MnPP was conjugated to P22-xAEMA via a coupling reaction between carboxyl groups of the porphyrin and pendant amine groups of P22-xAEMA ( Fig. 1 ), resulting in a high per-particle relaxivity for efficient T 1 -enhanced MRI contrast-agent development. Furthermore, as the ionic relaxivities of these constructs were lower than expected, we investigated MnPP aggregation, which we hypothesize is due to intermolecular interactions between neighboring MnPP molecules that can potentially block access of water to the metal site, and discuss potential solutions.
Materials and methods

Materials
All materials were analytical grade and were purchased from either Sigma-Aldrich or Fisher Scientific, and were used as received unless otherwise noted. All water was deionized by use of a NANOpure water purification system. All protein samples that had been chemically modified were analyzed by UV-vis spectroscopy (model 8453 UVvis spectrophotometer, Agilent Technologies, Santa Clara, CA, USA) and dynamic light-scattering (90Plus particle size analyzer, Brookhaven Instruments, Holtsville, NY, USA). The synthesis of 2-bromoisobutyryl aminoethyl maleimide was reported in [28] . Manganese(III) protoporphyrin IX chloride was purchased from Frontier Scientific.
Mutagenesis, protein purification, and P22-xAEMA formation The P22 (S39C) point mutation was made with established polymerase chain reaction protocols (Agilent Technologies) with pET-11a-based plasmids encoding genes for scaffolding and coat protein. The amplified DNA was transformed into Escherichia coli strain BL21 (DE3) and selected for ampicillin resistance [28] . P22 (S39C) procapsid, made up of 420 subunits, was produced by a heterologous expression system in E. coli. and purified by a previously described procedure [27] . The resulting virus pellet, after purification, was resuspended in 100 mM sodium phosphate, 50 mM NaCl, pH 7.0, and spun at 17,000 rpm for 20 min to remove particulates and lipid. The procapsid was heat-treated for 20 min at 65°C to transform the protein into its expanded form as previously described and analyzed [29] . The samples of the expanded form were purified by pelleting via centrifugation at 45,000 rpm for 50 min in an ultracentrifuge (Sorvall), followed by resuspension in 100 mM sodium phosphate, 50 mM NaCl, pH 7.6 in preparation for protein labeling. The expanded form was labeled with an atom-transfer radical polymerization initiator molecule and xAEMA was synthesized inside the P22 VLP cavity, as previously described [28] . P22 procapsid, expanded, and polymerized (P22-xAEMA) samples were characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transmission electron microscopy (Leo 912 AB), and dynamic light scattering (90Plus particle size analyzer, Brookhaven Instruments, Holtsville, NY, USA) [28] . The protein concentration was determined from the absorbance at 280 nm, where an extinction coefficient of 65,920 M -1 cm -1 (P22 subunit) was used. As described above, the expanded form of P22 was exclusively used for P22-xAEMA formation, and hereafter, we will refer to the unpolymerized expanded form of P22 as P22 and polymerized P22 as P22-xAEMA. All further labeling experiments with P22 and P22-xAEMA and sample analyses were conducted in sodium bicarbonate buffer (100 mM sodium bicarbonate, 50 mM NaCl, pH 9.0) because MnPP is more soluble in this buffer than in phosphate buffer at neutral pH.
MnPP labeling conditions: without EDC/NHS
P22 and P22-xAEMA were labeled with MnPP without the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). First, a 30 mM stock solution of MnPP was made up in dimethyl sulfoxide and vortexed until it the MnPP had completely dissolved. From the 30 mM MnPP stock solution, 72 lL (1.40 mg, 2.14 lmol) MnPP was diluted with 144 lL water. Next, to 284 lL P22 or P22-xAEMA (0.0214 lmol subunit, 3.5 mg/mL, 100 mM sodium carbonate buffer, 50 mM NaCl, pH 9.0), 216 lL of diluted MnPP was added dropwise (100 MnPP molecules per P22 subunit, i.e. 42,000 MnPP molecules per P22 capsid) while the protein solution was being vortexed. The mixture was allowed to react for 1 h at room temperature, followed by purification away from excess MnPP/EDC/NHS with a Micro Bio-Spin column (Bio-Rad, Hercules, CA, USA) twice, resulting in 90 MnPP molecules per capsid (67.7 % yield) and 184 MnPP molecules per capsid (71.8 % yield), respectively.
MnPP labeling conditions: with EDC/NHS
Various loadings of MnPP molecules per P22-xAEMA (121-3,646 MnPP molecules per capsid) were achieved by using a molar excess ranging from one to 100 MnPP molecules per P22 subunit. The preparation of 100 molar (2) was reacted with P22 virus-like particle-cross-linked aminoethyl methacrylate (xAEMA) polymer hybrids (P22-xAMEA) for 1 h in carbonate pH 9 buffer to couple MnPP to reactive amine groups on the P22-xAEMA polymer J Biol Inorg Chem (2014) Sample analysis P22 and P22-xAEMA samples and those with MnPP were analyzed by a variety of methods aimed at interrogating the purity, morphology, and composition of the samples. P22, P22-xAEMA, and P22-xAEMA-MnPP were imaged by transmission electron microscopy (Leo 912 AB, 100 kV) by negatively staining the sample with 1 % uranyl acetate on Formvar carbon-coated grids. These samples were also analyzed by SDS-PAGE on 10-20 % gradient tris(hydroxymethyl)aminomethane-glycine gels (Lonza). Protein was detected by staining with Coomassie blue.
Protein and manganese concentration
The protein concentrations of P22 and P22-xAEMA samples were determined from the absorbance at 280 nm (extinction coefficient 65,490 M -1 cm -1 , P22 subunit). The protein concentration of the P22-xAEMA-MnPP samples was determined from the absorbance at 280 nm after the contribution from MnPP (extinction coefficient 19,820 M -1 cm -1 ) had been subtracted. The amount of MnPP conjugated with P22 VLPs was determined using an extinction coefficient of 25 mM -1 cm -1 at 462 nm [30] .
Relaxivity measurements Figure S1 shows a plot of 1/T 1 versus manganese concentration (mM) for the three dilutions which was used to determine the relaxivity values (r 1,ionic ), where the ionic relaxivity (relaxivity per manganese ion) is equal to the slope of the line, and the particle relaxivity (relaxivity per P22) was calculated by multiplying the slope by the number of manganese ions per capsid. Similarly, a plot of 1/T 2 versus manganese concentration (mM) was used to determine r 2,ionic relaxivity values.
Imidazole titration experiments to block access of water to MnPP
To assess the influence of water accessibility on r 1,ionic relaxivity of MnPP, we titrated free MnPP with imidazole. Imidazole was dissolved in carbonate buffer (100 mM sodium carbonate, 50 mM NaCl, pH 9.0) to create a stock solution of 10 M, which was added to 640 lM free MnPP in molar equivalents of 0, 10, 100, 500, or 1,000 excess to give a final manganese concentration of 390 lM. Samples were further characterized by UV-vis spectroscopy with 409 dilution. T 1 relaxivity of the samples was measured as described in ''Relaxivity measurements.'' Addition of acetone to disrupt intermolecular interactions of free MnPP Results and discussion
Synthesis
MnPP was attached to P22-xAEMA with various loadings by means of a simple coupling reaction [31] . The carboxylate groups of MnPP were activated with EDC/NHS and reacted with the amine functional groups of P22-xAEMA, encapsulated on the interior of the P22 capsid (Fig. 1) . MnPP has two carboxyl groups and both could be coupled with the amine groups of P22-xAEMA. It is difficult to differentiate between the number of singly labeled carboxyl groups and the number of doubly labeled carboxyl group, and so, to minimize activation of both carboxyl groups on MnPP, a 1:1 molar ratio of EDC and NHS was added per MnPP molecule. To investigate conjugation of MnPP to the surface of the P22 capsid, the reaction was also conducted on P22. After removal of excess MnPP and the coupling agents, the concentration of protein and attached MnPP of the resulting materials (P22-xAEMAMnPP or P22-MnPP) was determined by UV-vis spectroscopy using known molar absorbtivities.
To determine the extent of noncovalent interactions between MnPP and the polymer and/or P22, both P22 and P22-xAEMA were incubated with MnPP (100 MnPP molecules per P22 subunit) in the absence of EDC and NHS. Successful attachment of MnPP via EDC/NHS coupling was clear from the visible characteristics of the samples (Fig. 2a) , and was confirmed spectroscopically by comparison with the noncovalent interaction controls (Fig. 2b, c) . After purification by means of a spin column, the P22-xAEMA-MnPP sample exhibited a UV-vis spectrum (Fig. 2c) in which the expected peaks for MnPP at 365, 472, and 562 nm [11] were clearly visible, confirming the formation of P22-xAEMA-MnPP.
Characterization
The MnPP loading per P22 capsid was determined for each of the constructs from their UV-vis spectra. As shown in Table  S1, To confirm that the reaction with MnPP/EDC/NHS did not alter the morphology of P22 via interparticle cross-linking after EDC activation or aggregation, the size of P22-xA-EMA-MnPP was characterized. The hydrodynamic diameter, as measured by dynamic light scattering, remained essentially unchanged for the covalently linked MnPP samples (Fig. 3a-c) . Particle diameters of 68 ± 6 nm (P22-xAEMA) and 64 ± 7 nm (P22-xAEMA-MnPP) were observed as compared with 68 ± 4 nm for P22, suggesting there was no interparticle cross-linking mediated by the EDC reaction. When the particles were visualized by transmission electron microscopy, the morphology of P22 appeared unchanged before and after the MnPP conjugation reaction (Fig. 3d-f) , further confirming that the cage-like structure of the P22 VLPs was unaffected by the coupling reaction. Analysis by SDS-PAGE (Fig. 4) showed no appearance of new bands before (Fig. 4, lane 3) and after (Fig. 4, lane 4) modification of P22-xAEMA with MnPP. The streaking and appearance of higher molecular weight bands for P22-xAEMA (Fig. 4, lane 3 ) compared with P22 (Fig. 4, lane 2) is expected and indicative of the formation of intraparticle subunit-subunit coupling due to polymer cross-linking on the interior of the capsid. Together these data suggest that the overall P22 morphology was unaffected after conjugation with MnPP.
NMR and T 1 and T 2 relaxivity
We investigated T 1 relaxivity as a function of MnPP loading on a per manganese ion basis (r 1,ionic ) and per P22 capsid basis (r 1,particle ), over a range of loadings from 90 to 3,646 MnPP molecules per capsid at 2.1 T (90 MHz). The loading factor appeared to have almost no impact on r 1,ionic relaxivity, which remained below 5 mM -1 s -1 across the range of loadings (Fig. 5a ). However, r 1,particle increased with the loading factor, and the high loading capacity compensates for lower ionic (4) relaxivities, with the highest observed r 1,particle being 7,100 mM -1 s -1 for this system (Fig. 5b) . The r 2,ionic relaxivity was also evaluated for this system and was observed to have an inverse relationship with the MnPP loading factor (Fig. 5a ). The r 2,ionic relaxivity decreased significantly with increasing MnPP loading factor at lower loading and gradually leveled off at higher loading. A similar phenomenon was reported in an investigation of r 2,ionic relaxivity at the initial stages of iron uptake in ferritin [32] . In that article, it was proposed that r 2,ionic relaxivity decreases with increasing iron loading factor owing to the formation of antiferromagnetically coupled clusters. Similarly, in our P22 system there may be more MnPP clusters at higher loading factors that can couple antiferromagnetically and which decrease the overall r 2,ionic relaxivity of the sample. The negative impact of antiferromagnetic coupling could also affect r 1,ionic relaxivity [33] , but we did not see a corresponding decrease in r 1,ionic relaxivity across the MnPP loading range we examined. It could be interesting to explore this phenomenon further in the future.
At lower loadings, the sample exhibits high r 2 /r 1 (see Table S1 ), suggesting that this system could potentially be used as a T 2 -enhanced contrast agent. However, at higher loadings, r 2 /r 1 approaches 1, thus shifting toward a T 1 -enhanced contrast agent. Therefore, P22-xAEMA loaded with MnPP can be tuned to be either a T 1 or a T 2 contrast agent by controlling the loading factor.
On the basis of the Solomon-Bloembergen-Morgan analytical model for understanding paramagnetic relaxivity [34] [35] [36] [37] [38] [39] , we expected that the r 1,ionic relaxivity would be enhanced after conjugation of MnPP to the macromolecular P22 capsid [27, 28, 40] . But contrary to expectations, we did not observe an enhancement. The SolomonBloembergen-Morgan model predicts that the relaxivity is dominated by three important parameters: the number of metal-bound water molecules (q), the mean residence lifetime for metal-bound water (s M ), and the rotational correlation time (s R ). We, and others, have effectively used this model to predict and design new contrast agents that optimize these important parameters [17, 27, 41] . Both s R and s M of free MnPP (s R = 50-80 ps, s M = 10 ns) [42] are comparable to those of free gadolinium diethylenetriaminepentaacetic acid (s R = 70 ps, s M = 16 ns) [27] . We have shown previously that conjugating a gadolinium diethylenetriaminepentaacetic acid to a similar P22-polymer system does not alter s M of the small-molecule contrast agent [27] significantly, but does dramatically alter s R . Thus, we assumed the same s R for the P22-xAEMA-MnPP system and assumed that s M would be similar to that of free MnPP. The nuclear magnetic relaxation dispersion profile for MnPP conjugated to a large particle, such as the P22-xAEMA particle (s R around 10 ns) [17, 27] , is predicted to have enhanced relaxivity at low field (20 MHz) [36] . Thus, the ionic relaxivity of P22-xAEMA-MnPP (see Table S1 ) was measured at 0.45, 2.1, and 7 T (19, 90, and 300 MHz) (Fig. 6 ) with the expectation that we would see a relaxivity enhancement, particularly at 0.45 T (19 MHz). For comparison, the relaxivity of free MnPP at 14.5 mM was also measured. The concentration of free MnPP was based on The results show that the relaxivity changes only slightly across field strengths, and not as significantly as expected on the basis of the nuclear magnetic relaxation dispersion profiles of other macromolecular manganese complexes [36, 43] and our previous work with macromolecular gadolimium-based agents [27] .
To understand why no increase in r 1,ionic relaxivity was observed for MnPP after conjugation to P22 VLPs as compared with free MnPP, we explored the interactions between MnPP molecules further. The presence of intermolecular MnPP interactions could structurally block access of water to the manganese ion, resulting in a lower effective q and thus a diminished r 1,ionic relaxivity [42] . This clustering of MnPP molecules could account for the observed lack of r 1,ionic relaxivity enhancement for P22-xAEMA-MnPP when compared with free MnPP. We conducted the two experiments described in the following sections to explore this possibility.
Imidazole titration experiments
To probe the effects of access of water to the manganese ion on the relaxivity, we titrated free MnPP with imidazole, which is expected to bind the axial sites in MnPP and compete with water access. This competitive binding experiment was monitored by both changes in the optical spectrum and changes in the ionic relaxivity. Figure 7a and Fig. S2 show the changes in the UV-vis spectrum of MnPP on titration with imidazole [44] . At 640 lM MnPP, imidazole was added in a range up to 1,000 molar excess with regard to MnPP. The UV-vis spectrum shows an emerging peak at 482 nm, the intensity of which increased with increasing imidazole concentration, clearly indicating interactions between the imidazole and the MnPP complex (Fig. S2) . We further investigated the effects of imidazole binding to MnPP by measuring the 1 H relaxivity at 2.1 T (90 MHz) at a range of added imidazole concentrations. We found an inverse relationship between the change in absorbance at 482 nm (imidazole binding to MnPP) and the measured relaxivity (Fig. 7b) . This is consistent with imidazole binding to both axial sites on MnPP at high imidazole concentrations, where these sites are essentially saturated and the effective value of q approaches 0. Thus, imidazole appears to influence intermolecular MnPP interactions and blocks water access, which has a clear, dominant influence on the relaxivity.
Acetone-D 6
In an attempt to disrupt the intermolecular interactions between neighboring MnPP molecules and potentially increase water access and therefore the number of bound and exchangeable water molecules (q), we investigated the effects of adding acetone on the r 1,ionic relaxivity of free Table S1 ) at three different field strengths of 0.45, 2.1, and 7 T. The trend shows relatively small changes in relaxivity across field strengths Fig. 7 UV-vis absorbance at 482 nm (a) and r 1,ionic relaxivity at 2.1 T (90 MHz) (b). Measurements were taken at 0, 10, 100, 500, and 1,000 equiv of added imidazole to 640 lM MnPP. There is an inverse relationship between the increase in absorbance at 482 nm due to imidazole binding to MnPP and the decrease in relaxivity. Even at 10 equiv of imidazole, a significant difference in relaxivity was observed MnPP at concentrations based on the same local concentration of MnPP as in our P22-xAEMA-MnPP system. First, r 1 , ionic relaxivities of MnPP and P22-xAEMA-MnPP were investigated at 2.1 T (90 MHz). MnPP and P22-xAEMA-MnPP exhibited similar r 1,ionic values at all concentrations, with free MnPP having slightly smaller r 1,ionic values than P22-xAEMA-MnPP (Fig. 8) . Second, r 1,ionic relaxivity of MnPP in the presence of 20 or 60 % acetone-D 6 was measured. These experiments were conducted only as a proof of concept, as acetone is neither a suitable solvent to achieve protein stability nor a suitable solvent for in vivo applications. The free MnPP was treated with acetone-D 6 to disperse the MnPP molecules and observe the impact on relaxivity (Fig. 8 ). After free MnPP had been treated with 20 % acetone-D 6 , the ionic relaxivities did not show a significant change, with only a slight increase in relaxivity at the lower MnPP concentrations. However, with 60 % acetone-D 6 , a dramatic increase in ionic relaxivity was observed at all concentrations, with a trend toward the highest increase in relaxivity for the lowest concentration of MnPP. These data correlate well with published data [42] and indicate that the acetone disrupts intermolecular MnPP interactions, resulting in greater water exchange at the manganese centers and an increase in the effective value of q. Extrapolation from these data suggestsd that the high local concentrations of MnPP inside P22-xAEMA-MnPP probably results in strong intermolecular interactions between neighboring MnPP molecules, resulting in a lower observed ionic relaxivity compared with the ionic relaxivity when the interactions are disrupted, as in the case of free MnPP in the presence of acetone. This result implies that we could increase the ionic relaxivity of MnPP by disrupting the intermolecular interactions between MnPP molecules. For example, modification of the porphyrin moiety, in a manner analogous to the designed picket-fence porphyrins [45] , could minimize MnPP interactions.
Conclusion
In summary, we have covalently encapsulated a large number of MnPP molecules inside P22 VLP-polymer hybrids and demonstrated potential for this construct as a tunable MRI contrast agent. This system could be a good alternative to gadolinium-based contrast agents, which are known to be linked to nephrogenic systemic fibrosis. We can conjugate more MnPP molecules to P22-xAEMA versus P22 alone using EDC and NHS to chemically introduce MnPP to the P22 capsid up to 3,646 MnPP molecules per capsid. The improvement in labeling is important for the delivery of contrast agents on a per-particle basis, allowing high concentration delivery of the contrast agent. Although we do not see an improvement in r 1,ionic relaxivity, the high per-particle relaxivity of P22-xAEMA-MnPP, resulting from the high loading density, could be beneficial when these particles are imparted with cell-targeting capabilities. Our results suggest that we could also increase the r 1,ionic relaxivity of MnPP by disrupting the intermolecular interactions between MnPP molecules. In future design iterations of these hybrid materials, we might overcome the intermolecular interactions of MnPP molecules by altering the porphyrin moiety to minimize MnPP interactions [45] . Alternatively, incorporation of other manganese porphyrins which have larger r 1,ionic relaxivity, such as manganese(III) tetrakis(4-sulfonatophenyl)porphine [42, 46, 47] , may enable us to utilize more fully the advantages of the P22 VLP-polymer platform. Table S1 for the corresponding loading factors). 
